To evaluate the role of the signal-averaged electrocardiogram (ECG) in the detection of heart transplant rejection, findings on 277 ECGs were compared with those in 218 endomyocardial biopsy specimens in 25 patients followed up for a median duration of 5.2 months (range 7 days to 17.5 months). Signal-averaged ECGs obtained at intervals of 16.4 ± 22.3 days were analyzed in the time domain before and after high pass filtering at 25 and 70 Hz. Frequency domain analysis was performed with use of a fast Fourier transform algorithm.
Since the introduction of cyclosporine A in the management of patients undergoing heart transplantation, the 12-lead electrocardiogram (ECG) has been reported (1-3) to be relatively insensitive in assessing graft rejection. Consequently, other noninvasive methods have been designed to obviate the need for endomyocardial biopsy, such as cytoimmunologic monitoring (4) , echocardiography (5, 6) , nuclear magnetic resonance imaging (7), precordial ECG mapping (8) and signal-averaged or high resolution electrocardiography (9, 10) . Regarding the latter technique, only limited but promising results have been obtained. Time domain analysis of the averaged QRS complex performed with a high pass filtering technique previously designed for late potential registration (11) provided satisfactory results in the late postoperative period (9) . An approach using frequency do-observed that did not significantly alter any of the variables studied.
The root-mean-square voltage of the 70-Hz high pass filtered QRS complex was found to be the most accurate variable in detecting rejection. Moreover, this variable was also the most reproducible in 10 healthy control subjects. The optimal rejection criterion was defined as an 11% decrease in voltage between two consecutive recordings. It provided 87.5% sensitivity with 78.4% specificity.
In conclusion, the signal-averaged ECG is helpful in the management of heart transplant rejection. Frequency domain analysis of the QRS complex does not increase the accuracy of the technique compared with the time domain approach.
(J Am Coil CardioI1992, '19:553-8) main analysis of the QRS complex and ST-T segment has also been advocated by other investigators (10) as more sensitive in detecting rejection during the early postoperative period.
Our purpose was to evaluate the respective accuracy of the signal-averaged and standard ECG in detecting rejection. We also compared frequency domain and time domain analyses of the signal-averaged ECG. The latter analysis was performed using a filter that was specially designed for measurement of the entire QRS complex.
Methods
Study patients. Twenty-five patients receiving cyclosporine A after orthotopic cardiac grafting were selected for the study. The group comprised 21 men, 3 women and 1 child; the age range was 2.6 to 64.2 years (mean 44.2 ± 12.4). The patients were enrolled after a median postoperative delay of 8 days (range 1day to 25 months); 20 of the 25 patients were included within the 1st postoperative month. The preoperative diagnosis was congestive ischemic cardiomyopathy in 8 patients, idiopathic dilated cardiomyopathy in 16 and a complex congenital heart defect in 1 patient. The median duration of the follow-up period was 5.2 months (range 7 days to 17.5 months). In all but one patient (the 2.6-year old child), routine endomyocardial biopsy was performed for diagnosis of rejection episodes. Pertinent clinical data and the signal-averaged ECG were obtained within 24 h of each biopsy.
Thus, a total of 218 biopsy specimens and 277 signalaveraged ECGs taken at intervals of 16.4 ± 22.3 days were obtained. The number of signal-averaged ECGs exceeded the number of biopsy specimens because the signal-averaged ECG was repeated at closer intervals in the case of overt rejection crisis. However, the value ofthe method in detecting rejection did not depend on these additional recordings.
A group of 10 healthy men (mean age 28.3 ± 2.03 years) was used to analyze the hour to hour and week to week reproducibility of the ECG variables. These men underwent two signal-averaged ECGs on the same day, one in the morning and the other in the afternoon. Two further acquisitions were performed 7 days later under the same conditions.
All patients gave informed consent for the study. The protocol was approved by our Institutional Committee on Clinical Research.
Diagnostic techniques. Endomyocardial biopsy was performed with a conventional percutaneous internal jugular approach, weekly for the 1st 6 weeks, every 2 weeks for the next 4 months, then monthly or every 2 months. The biopsy fragments were classified into five stages according to the criteria of Billingham (12) .
From the standard ECG, a summated voltage was calculated by using the algebraic sum of the QRS amplitude in leads I, II, III, V1 and V6' This index was selected on the basis of previously published studies (9, 13) .
Signal-averaged ECGs were obtained with use of an ART 1200 EPX recorder (Arrhythmia Research Technology) from orthogonal bipolar X, Y and Z leads: X from V6R to V6' Y from the upper sternum to the left thigh and Z from V2 back to V2' The signals were recorded using silver-silver chloride electrodes positioned according to precise anatomic landmarks with the patient in a supine position. After preamplification, the signals were sampled at 1,000 Hz and digitized with a 16-bit resolution. After elimination of ectopic complexes, 150 to 200 beats were time averaged until a background noise <0.4 1LV of amplitude was obtained. Averaged data were stored on the hard disk of a personal computer for further processing.
Signal processing. Time domain analysis was performed before and after high pass filtering of the X, Yand Z leads at 25 and 70 Hz. These corner frequencies were suggested by previous studies in either the time (9) or the frequency domain (10) . The duration, peak voltage amplitude and root-mean-square voltage amplitude of the entire QRS complex were measured on the quadratic signal computed as VX 2 + y 2 + Z2 from the three filtered leads.
The bidirectional filter proposed by Simson (11) prevents ringing outside but not within the QRS complex. Thus, this filter is inappropriate for analyzing the overall QRS complex (14) . The high pass filter used in this study preserves the polarity and timing of the local extrema. Briefly, it consists of a finite impulse response filter obtained by substracting the output of a centered Blackman-Harris window from the current sample (14) . The use of this filter did not allow a computer-derived determination of the onset and offset points of the filtered QRS complex by the ART program. Therefore, this determination was manually performed by two observers; the reproducibility of their data was within 2 ms.
In the frequency domain, the analysis was performed with use of a fast Fourier transform algorithm. For each of the three leads, a time window comprising the QRS complex ± 10 ms was multiplied by a Blackmann-Harris window; these data points were placed at the beginning of an array of 512 elements and the remaining points were set to zero. The three amplitude spectra were combined into a single quadratic spectrum computed as VX 2 + y 2 + Z2. The total spectral area and the areas of the 50-to 250-Hz and 70-to IIO-Hz ranges were then measured on this combined spectrum. The bandwidth corresponding to 99% ofthe amplitude was also calculated.
Definitions. Severe rejection was defined as large cellular infiltrates without myocyte necrosis (stage 2) or myocytolysis with or without hemorrhage (stages 3to 5). Mild rejection episodes corresponding to limited cellular infiltrates (stage 1) were considered nonsignificant and were therefore not treated.
The reference tracing was defined as the last tracing obtained with a concomitant normal biopsy result for analysis of mild rejection crisis. For a severe episode, the reference was the last recording obtained with concomitant biopsy results indicating normal findings or mild stage 1 rejection. This method of analysis was chosen rather than use of a control tracing taken when the patient entered the study for two reasons. First, we hypothesized that a shift in the values of the EeG variables may occur over long periods of time as a result of chronic rejection (15) , scars from succeeding acute rejection episodes (16) or myocarditis. Second, the ECG data were supposed to be unstable during the early postoperative period (9) , which could lead to the selection of aberrant variables as baseline values.
Statistics. Data are expressed as mean values ± 1 SD. The reproducibility of the measurements within the control group was evaluated with use of the Spearman rank coefficients. A Student t test was used to analyze paired or unpaired observations as necessary. When the variances were nonhomogeneous, the Wilcoxon rank-sum test was used. Discrete variables were compared using the chi-square statistic with the Yates continuity correction or the Fisher exact probability test.
Results
Reproducibility analysis in control subjects ( Table 1) . The most reproducible variable was the root-mean-square voltage of the 70-Hz high pass filtered QRS complex. The worst overall reproducibility was observed with the 99% bandwidth of the amplitude spectrum. Rejection episodes. In all, 30 rejection episodes were documented: 14 mild episodes in 14 patients and 16 severe episodes in 15 patients. These severe crises were diagnosed on the basis of endomyocardial biopsy in 13 cases, clinical findings (congestive heart failure) in 2 cases (including the 2.6-year old child) and cardiac autopsy after a normal biopsy result in 1 case.
Results of standard ECG (Tables 2 and 3) . The values of the summated voltage (Table 2) and their relative changes from the reference tracing (Table 3) accompanying mild or severe rejection were not different from those observed at the time of repeat biopsy with normal findings.
Correlation of the signal-averaged variables with the presence or absence of rejection (Tables 2 and 3 ). The absolute measurements related to rejection were compared with data from 120 ECGs obtained from 20 patients (4.85 ± 3.44 ECGs per patient) at the time of normal biopsy results (Table 2) . Statistically significant differences in 7 of 11 variables were observed between ECGs obtained during normal periods and ECGs accompanying severe rejection. These same variables were not significantly altered from normal during mild rejection crises. Figures I and 2 depict a typical severe rejection episode with time and frequency domain results, respectively. A substantial decrease appeared before and after filtering in the initial forces of the QRS complex. This phenomenon, predominantly involving the first half of the QRS complex, was observed in four additional episodes. In the frequency domain, rejection induced overall spectral changes. The analysis performed in comparison with a reference tracing provided similar results. All time domain variables and one frequency domain variable (the total spectral plot) were significantly altered in the presence of severe rejection (Table 3, Fig. 3 ).
Marked changes in the ECG variables were frequently encountered, even in the absence of rejection. At least two mechanisms accounting for these false positive results were observed. The first was massive pneumonia, which induced a >33% decrease in the peak and root-mean-square voltage amplitudes ofthe QRS complex. The second mechanism was an intermittent conduction defect occurring in a patient who never experienced rejection. This abnormality induced important fluctuations in time domain data (Fig. 4) .
Value of time and frequency domain variables in detecting rejection (Tables 2 and 3 ). The accuracy of detecting severe rejection was evaluated only for the seven variables that were significantly altered for both absolute and relative measurements. Therefore, QRS duration, 99% bandwidth of the spectrum and spectral areas of the 50-to 250-Hz and 70-to 110-Hz ranges were not analyzed. The compromise between sensitivity and specificity was analyzed by means of receiver operating characteristic curves obtained for different rejection criteria. The curves for the most discriminative variables (all in the time domain) are shown in Figure 5 . The most accurate rejection criterion was an 11% decrease UNFILTERED CRS in the root-mean-square voltage of the 70-Hz high pass filtered QRS complex between two consecutive EeGs. This criterion had 87.5% sensitivity with 78.4% specificity.
Detection of rejection in the early versus late postoperative period. Three of the 16 severe rejection episodes occurred in the 1st 6 weeks after transplantation. As assessed by our rejection criteria, all 3 of these episodes and 11 of the 13 episodes occurring later were correctly identified (p = NS). Moreover, the number of false positive results was similar between the early and late postoperative periods in the case of repeat biopsy with normal findings (24.6% [16 of 65] versus 21.8% [7 of 32] , respectively; p = NS).
Discussion
Time domain analysis of the signal-averaged QRS complex provides a noninvasive indication of rejection after orthotopic cardiac grafting, The rejection process induces decreases in the peak and root-mean-square voltage amplitudes of the QRS complex, which are easier to identify after high pass filtering. The magnitude of these alterations seems to depend on the histologic severity of the rejection crisis because mild rejection induces nonsignificant ECG changes.
In concordance with published studies (1-3,9), our work confirms that the standard ECG, unlike the signal-averaged ECG, cannot detect rejection episodes. Frequency domain analysis. The conclusions concerning the value of frequency domain analysis in our study conflict with those of Haberl et al, (10) , who presented both averaged and nonaveraged high resolution data obtained from two distinct bipolar leads. Unfortunately, their methods were not clearly detailed with regard to the leads or acquisition technique. Respiratory changes in QRS and T wave axes may have affected the results obtained from only two nonorthogonal bipolar leads. Furthermore, normalization of the spectral plots by setting the predominant frequency equal to 1rendered the approach difficult to evaluate. Thus, the rejection criterion advocated in the study of Haberl et al. (10) was a 20% increase in the 70-to 110-Hz frequency content of the QRS amplitude between two consecutive recording sessions. We found that this variable was poorly reproducible because the mean difference between two recordings on the same day was evaluated to be 26.8% in our control group. Moreover, changes occurring within this range at the time of rejection were found to be nonsignificant.
Time domain analysis. The time domain results are consistent with those obtained by other investigators. Keren et al. (9) reported that the total root-mean-square voltage of the averaged filtered QRS complex is a promising variable for the identification of rejection in the late postoperative period. These investigators (9) as well as Aleixo et al. (8) observed a rejection-induced decrease of about 15% to 20% in the QRS voltage amplitude and, similar to our findings, mild forms of rejection were not detected. The use of high pass filters may seem paradoxic because rejection caused overall spectral changes. However, according to our results, the higher the corner frequency, the greater the accuracy in detecting rejection. This observation suggests that the high frequency content of the QRS complex is probably less subject to spontaneous variations than are the low frequency components after cardiac transplantation.
The mechanisms of the alterations occurring in the time domain remain speculative. We did not observe any increase in the high frequency content, suggesting the lack of fractionation of the QRS forces. Moreover, the rapid reversibility during treatment and the involvement of the total spectrum indicate edema as the possible origin of the voltage decrease. The predominance of this decrease in the initial forces of the QRS complex is consistent with previous studies (17) that emphasized the extent of histologic damage in the subendocardial regions.
With our method, we did not find the lower sensitivity in the early postoperative period reported by Keren et al. (9) . This discrepancy could be due to the use of a different filtering technique, but the number of rejection episodes trolyte balance or the effects of immunosuppressive drugs may also account for some of the discrepancies observed between ECG data and biopsy results. Conclusions. Additional studies utilizing signal-averaged electrocardiography and methods such as echocardiography or nuclear magnetic resonance imaging are needed to improve the noninvasive monitoring of rejection and reduce the number of endomyocardial biopsy procedures. Figure S . Receiver-operating characteristics curves computed for time domain variables. These curves illustrate the compromise between sensitivity and specificity for detection of graft rejection. Top and bottom panels show the curves for the root-mean-square (RMS) voltage of the QRS complex after high pass filtering at 25 and 70 Hz, respectively. Numbers beside the 70-Hz curve indicate the rejection criterion (percent decrease from the reference recording) corresponding to each point of the curve. The best compromise was found to be an 11% decrease. This criterion provided 87.5% sensitivity with 78.4% specificity. Limitations. False positive and, in particular, false negative results are the major limitations of this technique. Such drawbacks also exist for the endomyocardial biopsy technique as evidenced by the occurrence of a fatal rejection crisis 24 h after a normal biopsy finding in our study. This normal biopsy finding was accompanied by overt ECG changes. False positive or false negative results related to intermittent conduction defects were not unexpected because incomplete bundle branch block unrelated to rejection has been reported (18) , with a high prevalence after operation. An unsteady hemodynamic state, changes in the e!ec- 
